V on Willebrand disease (VWD) is a common autosomally inherited bleeding disorder resulting from quantitative and qualitative defects of plasma von Willebrand factor (VWF). VWD can be divided into three types: type 1 includes partial quantitative deficiencies of VWF, type 3 includes virtually complete quantitative deficiencies while type 2 encompasses four subtypes of qualitative deficiency in which specific VWF ligand-binding functions are affected. 1 In the last two decades there have been studies across the world attempting to elucidate the molecular basis of VWD in order to understand the mechanisms contributing to its pathogenesis more fully. Mutations have been identified throughout the VWF gene (VWF). Missense mutations resulting in alterations to protein structure or function predominate in types 1 and 2 VWD while nonsense mutations (resulting in premature protein termination), deletions or insertions, often resulting in frameshift plus splice-site mutations, predominate in type 3.
Although these common mutations have furthered our knowledge of the molecular pathogenesis of VWD, they fail to explain all cases of the disease. However, detailed analysis of individual patients or cohorts of patients with a defined phenotype is helping to enhance understanding of the disorder. Mutations associated with VWD may be missed by standard polymerase chain reaction (PCR) and DNA sequence analysis or may be identified and their potential effect misinterpreted. Recent advances in understanding of the mutation spectrum contributing to VWD along with mechanisms contributing to other inherited disorders that may play a role in VWD are described below.
Known causative mutation types requiring further investigation in the context of von Willebrand disease
Although reported as causing VWD, certain mutation types require further investigation before their contribution to disease pathogenesis can be fully ascertained.
Copy number variations comprising large deletions within VWF have been documented, but historically homozygous deletions were reported only in type 3 VWD, as heterozygous deletions (or duplications) were difficult to identify because of the presence of a normal copy of VWF. Patients homozygous for large VWF deletions, ranging in size from one exon to complete absence of VWF, have been identified, with mutations generally predicted to disrupt protein translation and prevent VWF expression. 1 Rare occurrences of large heterozygous deletions causing both types 1 and 2 VWD have also been reported, identified through linkage analysis demonstrating unusual polymorphic marker inheritance 2, 3 or through detection of a previously characterized type 3 VWD deletion in the heterozygous form using a mutation-specific PCR assay. 4 In cases in which detail has been reported, these deletions are inframe and function in a dominant-negative manner. 4, 5 Standard PCR and DNA sequencing or mutation scanning techniques are incapable of detecting large heterozygous deletions. Significantly, techniques that can identify homozygous and heterozygous copy number variations, particularly multiplex ligation-dependent amplification (MLPA) have recently begun to identify additional deletions contributing to VWD in both heterozygous type 2 and in compound heterozygous type 3 patients. 6 The role of copy number variations is, therefore, likely to be underestimated in VWD, as large deletions and exonic duplications are known to contribute to many other disorders, for example hemophilia A. 7 Another region requiring further investigation is the VWF promoter. Following recent work investigating a Canadian patient with type 1 VWD, the first disease-causing promoter mutation, c.-1522_-1510del, was described. 8 This mutation disrupts a transcription factor binding site consequently affecting the transcriptional expression of mutant VWF. Routine molecular analysis of VWF generally focuses on the coding exons and closely flanking intronic sequence. 1 Investigation of the proximal promoter may identify additional transcriptional mutations, especially in patients with mild type 1 VWD manifesting a partial quantitative deficiency of VWF.
Mutations resulting in an unexpected effect on the von Willebrand factor protein
The consequence of an identified mutation does not always result in the expected phenotype. This has been observed in VWD with apparent missense mutations which ordinarily would be expected to affect protein composition. The novel "missense" mutation p.Gly1180 Arg identified in type 2A VWD failed to mimic the disease phenotype when expressed in vitro despite segregating with VWD in the affected family. 9 The reason for this became apparent following further investigation of the patient's RNA. The c.3538G>A nucleotide change that predicted a missense mutation was shown to disrupt a splicing motif causing in-frame deletions of exon 23 (p.Glu990_Lys1036del) and exon 26 (p.Pro1127_ Gly1180delinsArg). Additionally, the p.Gly19Arg mutation previously identified in type 1 VWD also fails to influence VWF expression in vitro but is predicted in silico to influence splicing of exon 2.
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Novel mutations previously overlooked in von Willebrand disease
In this issue of the journal, Daidone et al. 11 highlight a mutation previously overlooked in VWF molecular analysis. The authors analyzed all 52 exons, flanking intronic sequence and the 5' and 3' untranslated regions of VWF in a family diagnosed with mild-moderate type 1 VWD. Having failed to identify a causative mutation, linkage between VWF and disease phenotype prompted the authors to analyze cDNA from the index case. The analysis identified a heterozygous c.7055_7081del mutation which mimicked disease phenotype when expressed in vitro. As a corresponding nucleotide deletion had not been observed in the genomic DNA (gDNA), it was postulated that the mutation must result from a splicing defect. Re-analysis of the gDNA highlighted the synonymous c.7056C>T (p.Gly2352Gly) alteration which was subsequently predicted, using in silico software, to create a novel splice donor site within exon 41, leading to loss of the remainder of the exon and an inframe deletion of nine amino acids. The mutation results in p.Gly2352_Cys2360del in the B2 domain. 11 This study highlights that mutations could be overlooked during standard VWF molecular analysis because they are perceived as being not disease-causative. Notably, the c.7056C>T mutation was previously observed in the Canadian type 1 VWD study, but was reported as a polymorphism. 12 Many silent alterations have been reported in VWF 13, 14 and may warrant in silico analysis to predict any potential influence on splicing along with cDNA analysis to further investigate any predicted effect.
Synonymous alterations have also been shown to affect protein function by interfering with protein folding, which subsequently disrupts protein translation. The synonymous c.459G>A (p.Val153Val) mutation in F9 has recently been shown to cause mild hemophilia B in this manner. 15 Further mutations may be under-investigated in VWF.
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Concluding remarks
Studies such as the one reported by Daidone et al. 11 emphasize that additional work is required in order to understand the molecular basis of VWD fully. New technologies such as next generation sequencing will highlight additional sequence variants that may contribute to VWD, but synonymous mutations are still likely to be overlooked. It is, therefore, beneficial to combine gDNA molecular analysis with information from several additional sources including disease and gene co-segregation within the family, any previous reports of the sequence variant, 13, 14 in silico analysis to investigate predicted effects of sequence variants on the protein and on mRNA splicing plus analysis of cDNA when possible. [18] [19] [20] Mutation prediction packages [for example, Alamut® (Interactive Biosoftware, Rouen, France)] combine several tools and facilitate these analyses. Given the complexity of VWD, it is perhaps unsurprising that its molecular basis also appears complex. However, whether "overlooked" mutations are rare anomalies or significant contributors to the pathogenesis of VWD remains to be answered. 
